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Summary: B cells complete maturation after migrating to the periphery, 
where they transit several intermediate developmental stages prior to 
recruitment into the long-lived primary pool. Because B-lineage commit- 
ment is not regulated by peripheral pool size and most peripheral B cells 
are quiescent, the primary factors governing steady-state numbers are the 
proportion of immature B cells surviving transit through later develop- 
mental stages and the longevity of mature B cells themselves. Substantial 
evidence indicates that the B-cell receptor (BCR) plays an essential role in all 
these processes, but recent findings suggest a central role for the recently 
described tumor necrosis factor (TNF) family member, B-lymphocyte 
stimulator (BLyS). Signaling through one of the BLyS receptors, BLyS 
receptor 3 (BR3), controls B-cell numbers in two ways: by varying the 
proportion of cells that complete transitional B-cell development and by 
serving as the primary determinant of mature B-cell longevity. The recent 
discovery that BCR signaling is selectively coupled to BR3 expression in a 
developmentally regulated fashion links BCR- and BLyS-mediated events, 
suggesting that specificity-based selection and survival may be mechanistic- 
ally similar processes. 



Lymphocyte homeostasis 

Lymphocyte homeostasis poses a unique biological problem, 
because it calls for balancing the need for a highly diverse 
and protective repertoire with the avoidance of pathogenic 
autoreactivity. The notion of monospecificity imposed by 
clonal selection implies that a diverse array of preimmune 
clonotypes must be maintained to afford the selectivity 
observed in adaptive immune responses. In this regard, 
B-lymphocyte homeostasis might be perceived as an uncompli- 
cated steady-state problem, whereby a naive B-cell pool of 
adequate size, and, hence receptor diversity, is sustained by a 
fixed B-cell lifespan superimposed on a constant production 
immunological Reviews 2004 rate ^his simple view is precluded, however, by the gene 
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rates and uniform cellular lifespan seems prone to failure and 
incompatible with acquired tolerance. Instead, selective processes 
based on antigen receptor specificity determine the relative fitness 
of clonotypes, both from the standpoint of potential untoward 
autoreactivity as well as likely protective utility. 

The integration of these processes, homeostasis on one hand 
and specificity-based selection on the other, has proven to be a 
complex and difficult puzzle for several reasons. First, the 
identity, lineage relationships, anatomic sites, and kinetics of 
key differentiative intermediates in the B lineage have been 
appreciated only in the last decade, and as evidenced by the 
spectrum of views in this volume, many of these remain 
debated. Second, the principal molecular mediators of B-cell 
viability and lifespan have only recently been revealed. 
Accordingly, this article begins with an overview of the 
identity and dynamics of these major differentiative subsets, 
as well as the evidence for specificity-based selection within 
these populations. The remainder focuses on the role of BLyS 
and its receptors in these processes. Finally, a model that 
unifies positive selection and competition amongst naive folli- 
cular B cells under a single mechanistic process is proposed. 

The identity and dynamics of follicular B-cell progenitors 

In normal adults, early B-cell differentiation ensues in the bone 
marrow, where successive developmental stages have been 
defined according to surface marker expression and immunoglo- 
bulin (Ig) gene rearrangement status (1—8). These stages and 
processes are reviewed extensively elsewhere (9—1 1), but as the 
immediate predecessors of differentiative stages discussed herein, 
they are very briefly summarized (Table 1). In the pro-B stage 
(1—3), cells rearrange their heavy-chain genes. This stage can be 
divided into three fractions according to Hardy (12, 13). Fraction 
(Fr) A contains cells whose Ig heavy- and light-chain genes are still 
in the germline configuration, whereas fractions B and C contain 
cells which have already rearranged D-J H but not Vh— DJ H . Success- 
ful heavy-chain gene rearrangement heralds the pre-B-cell stage, 
characterized by surface expression of the pre-B-cell receptor 



(pre-BCR) with the Igcx and Ig(3 transmembrane signaling 
molecules. Following a proliferative burst (Fr C'), light-chain 
gene rearrangement ensues (Fr D) . Successful light-chain rearrange- 
ment and surface expression of a BCR identify the immature 
marrow B cell or Hardy fraction E. These cells and their 
counterparts in the periphery are the immediate progenitors 
of most mature peripheral B cells. Thus, transit from these pools 
is the de facto production rate of mature peripheral B cells. 
Furthermore, inasmuch as this point is the first where a complete 
BCR is expressed, this and all subsequent differentiative stages 
are potentially subject to specificity-based selection. Finally, this 
is the first stage where B-lymphocyte stimulator (BLyS) binding 
is evident (see below), marking the first point at which this 
cytokine can influence homeostatic processes. 

Most B cells complete maturation in the periphery 

Contrary to previously held models of B-cell development, it is 
now appreciated that most newly formed B cells complete 
maturation after migrating to the periphery (14, IS). 
Subsequent to their initial description based on heat-stable 
antigen (HSA)/CD24 intensity (14, IS), these peripheral 
developmental intermediates were dubbed as 'transitional' 
cells (16) and have been further subdivided based on two 
partially overlapping strategies (Table 2). In the first, Loder 
et al. (17) forwarded the notion that transitional differentiation 
proceeds in a stepwise fashion, using CD23, CD21, and slgD 
expression to define two transitional categories, termed Tl 
and T2. A more recently reported strategy devised by Allman 
et al. (18, Allman, this volume) resolves three transitional 
subpopulations, termed Tl, T2, and T3, on the basis of 
AA4.1, CD23, and slgM expression. Whilst the Tl pools 
defined by these two phenotyping strategies are largely 
congruent, a critical disparity exists in the later stages: in the 
two-stage scheme, the T2 population is cycling; and in the 
AA4.1 -based scheme, none of the subsets are cycling. The 
relationship of cycling T2 cells defined by Loder et al. (17) to 
the non-dividing AA4.1 + T2-3 pools defined by Allman et al. 



Table 1. B-cell subsets and dynamics in mouse bone marrow 



Osnond a 


Hardy b 


Production rat 


:e a (cells/dx l(T 6 ) 


Cycling 


Ig gene status a,b 


Surface phenotype b 


Early pro 


A 


2.5 




Yes 


Germline 


CD 1 9-B220 lo CD43+HSA-AA4. 1 + 


Intermed pro 


B 


5.0 




No 


D-Jh 


CD 1 9+B220'°CD43 + HSA + A4. 1 + 


Late pro 


C 


36 






Vh-DJh 


CD 1 9 + B220 lo CD43 + HSA + AA4. 1 + 


Large pre 


C 


35 




Yes 


cyt mu, cyt mu 


CD 1 9 + B220 lo CD43-HSA+AA4. 1 -preBcR +c 


Small pre 


D 






No 


V k -Jk 


CDI9 + B220 + HSA + slghT 


Immature 


E 


16 




No 


slgM + slgD~ 


CDI9+B220+HSA+ 



a After Osmond DG (2). 

b After Hardy RR et al. (6), and Li Y-S, et al. (7). 
c After Melchers F, et al. (122). 
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Table 2. Peripheral B-cell subsets and dynamics 

Status Subset Production n 



MZ 



FO. follicular B cells; MZ, rrurgind zc 
a From Allman DM, et al. (15). 
According to Allman DM, et a/. (IS 
According to Loder F, et al. (17). 



No (?) 
Yes (?) 



lgM hl CD23-B220+AA4. 1 + 
lgM hl CD23 + B220+A4.l + 
lgM lo CD23 + B220 + AA4.l + 

lgM hl CD23- CD2I + B220 + lgD" 
lgM lo CD23~ + CD2 1 hl B220 + lgD + 

lgM lo CD23 + B220 h AA4. r 
CD9 + lgM hl lgD'°CD23-CD2 1 + 
lgM hl CD43 + lgD lo/ XD23 lo/ ~ 



e B cells; Ig, immunoglobulin; ND, not determined. 



(18) remains unclear. It is possible that each phenotypically 
defined subset is an intermediate stage in the final maturation 
of recent marrow emigres. Alternatively, one or more of 
these subsets could represent a compartment outside the 
pathway of follicular B-cell generation from marrow progenit- 
ors. We have adopted the phenotyping strategy of Allman 
et al., based on recent and ongoing studies suggesting that 
the subsets defined through this approach most accurately 
represent the differentiative intermediates of recent marrow 
emigres. 

Production and turnover rates at the marrow-periphery 
interface suggest cell losses 

Production rate and cellular lifespan are the key determinants 
of pool size at steady state; hence, measurements of these 
factors are essential to understanding underlying homeostatic 
processes. These two parameters can be measured by 
determining the number of cells generated per unit time and 
the proportion of a pool replaced per unit time. Moreover, 
once progenitor-successor relationships are established, 
differences in the production rates (cells generated per unit 
time) of a progenitor vs. successor pool yield an estimate of 
differentiative success; disparities between the number of cells 
entering a progenitor pool versus those entering the successor 
pool must be attributed to losses incurred either through cell 
death or through differentiation into an alternative successor 
subset. Accordingly, considerable effort has been devoted to 
examining the production and turnover rates of lymphocyte 
subpopulations, primarily through in vivo labeling strategies. 

Assessments of lymphocyte population dynamics were first 
made by Everett et al. (19), using in vivo labeling with 
H-thymidine followed by ex vivo autoradiography and micro- 
scopic enumeration. These experiments as well as extensive 



studies by Osmond and others (20—22) established two 
principles. First, they showed that some lymphocytes 
exhibited a high turnover rate, acquiring label within several 
days, whereas others required protracted 3 H-thymidine admin- 
istration before labeling. Second, they showed that the rapidly 
labeling cells predominated in bone marrow and thymus, 
whereas the secondary lymphoid organs contained cells with 
slow turnover rates. Together, these findings indicated that 
lymphocytes are continuously produced and that the mature 
pool is slowly but continually replenished with newly formed 
cells. More recently, studies combining in vivo bromodeoxy- 
uridine (BrdU) labeling with cytofluorimetric enumeration 
have confirmed the basic observations that newly formed 
lymphocytes turn over rapidly, whereas mature cells show 
slower turnover, indicating a lengthy average lifespan (23, 24). 

The application of BrdU labeling and cytofluorimetry to 
measure production and turnover at the marrow-periphery 
interface revealed substantial disparities in the production rates 
between transitional cells versus mature follicular B cells (15). 
These findings, included in Tables 1 and 2, have been confirmed 
and extended by others, using alternative or more recent 
phenotyping strategies (18, 25). A key feature is that the rate 
at which newly formed cells enter the mature pool accounts 
for less than 5 % of the immature (Fr E) cells produced in the 
bone marrow, suggesting significant cell losses within the 
transitional populations. These losses appear to occur both at 
the immature marrow stage and during transit of immature 
stages in the periphery. 

Implications of an immature peripheral intermediate with 
high-attrition rate 

The discovery of an intermediate differentiation stage in 
the periphery, coupled with kinetic studies indicating that 
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substantial cell losses occur as cells move through this stage to 
the mature pool, carried several implications. First, the rate 
of successful transit through these pools would dictate the 
production rate of mature B cells and, in conjunction with 
mature B-cell lifespan, govern peripheral pool size. Second, 
this compartment would likely be the site of specificity-based 
selection, both negative and positive, inasmuch as it spans 
antigen receptor acquisition with entrance to the mature 
follicular pool. 

Transitional success determines mature B-cell production rate 
The production rate of mature B cells along with the lifespan 
of mature B cells themselves are the key determinants of 
steady-state pool size. Thus, the factors that control production 
rate are key elements of peripheral B-cell homeostasis. 
Considerable data suggest that neither commitment to the B 
lineage nor successful passage through early marrow differen- 
tiative stages (Frs A-D) is tied to peripheral B-cell numbers. 
For example, neither the elimination of peripheral cells with 
anti-Ig treatment nor the unusually low numbers of mature 
cells found in various mutant mice yield changes in pro-B-cell 
generation rates (26-3 0) . Accordingly, mature B-cell production 
rates are primarily a reflection of the degree to which immature 
marrow cells successfully navigate the transitional pools. 

Negative selection occurs during transitional differentiation 
The likelihood that cells within the immature peripheral 
compartments are subject to negative selection was strongly 
suggested by several aspects of their original description 
(14, 15). For example, responses to a variety of in vitro stimuli 
were similar to those of other putative 'immature' B-cell 
sources. They failed to proliferate under either anti-Ig- 
mediated BCR cross-linking or phorbol myristate acetate 
(PMA) /calcium ionophore and yet were responsive to lipo- 
polysaccharide (LPS). Furthermore, these pools contained 
progenitors capable of primary humoral responses, if T-cell 
help was provided. Together, these and subsequent observations 
(3 1 ) have suggested that as cells move through successive transi- 
tional stages, the results of BCR ligation become increasingly 
characteristic of maturity (32, 33). Furthermore, it has recendy 
been reported that transitional B cells may be less effective in 
antigen presentation to helper T cells (34). 

Contemporaneous with the description of an immature 
developmental intermediate in the periphery, Carsetti et al. 
( 1 6) designated bone marrow B cells bearing an identical 
HSA and slg phenotype 'transitional' cells. They showed that 
these were targets of negative selection, furthering the chances 



that negative selection might extend to the phenotypically 
similar subset in the periphery. 

The Basten laboratory (35) was the first to directly 
demonstrate negative selection amongst newly formed periph- 
eral B cells in vivo. These elegant experiments employed the 
soluble hen egg lysosome (HEL)/anti-HEL transgenics (36), 
and they showed that while HEL-binding cells entered the 
periphery, most died rapidly (approximately 3d) and did not 
complete maturation. Further substantiating these conclusions 
was their observation that only cells with endogenous Ig gene 
rearrangements that eliminated significant HEL binding 
enjoyed maturation and lengthy lifespan. 

Repertoire shifts accompany transitional differentiation 

A somewhat more controversial conjecture made upon dis- 
covery of the immature peripheral compartment was that 
B cells awaiting BCR-mediated positive selection would reside 
in this pool (15). One prediction of such specificity-based 
positive selection is that the repertoire should truncate 
appreciably in successive developmental stages where such 
selection occurs. 

The notion of a BCR-mediated selection step in B-cell 
maturation was first forwarded by Gu et al. (3 7), in studies 
where V H gene repertoires of immature (marrow Fr E) versus 
mature (peripheral and bone marrow Fr F) B-cell subsets were 
compared. Whilst V H genes utilized by immature cells were 
distributed stochastically across the J558 family, the recirculating 
mature B cells appeared to preferentially utilize two related J5 5 8 
family genes. The first direct interrogation of whether repertoire 
shifts commensurate with a specificity-mediated selection step 
occur between the transitional and mature peripheral B-cell 
pools resulted from collaborative studies in the Janeway and 
Shlomchick laboratories. In these investigations, Levine et al. 
(38) demonstrated a skewing of light-chain V gene usage 
between the transitional and mature peripheral compartments of 
heavy-chain transgenic mice. Taken together, these findings are 
most consistent with a selection of clonotypes based on BCR 
specificity that begins at marrow Fr E and continues through 
transitional differentiation in the periphery. 

Transitional success and mature B-cell survival are active 
processes 

Although the notion that negative selection acts on immature 
B lymphocytes has been relatively well established and 
accepted, whether final differentiation to the mature B-cell 
pool is a 'default' result for cells that avoid negative selection 
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or instead requires further signals has been less clear. The 
mounting evidence of repertoire shifts suggesting the latter have 
paralleled additional observations indicating a positive role for BCR 
signaling during late differentiation. For example, alterations in 
BCR-signaling pathways or specificity have yielded either altered 
transitional differentiation (3 9—4-1) or an impaired ability to survive 
in the presence of signaling-sufficient competitors (42^4) . 

Thus, the notion of 'positive selection' amongst B lymphocytes 
has gained momentum during the last several years, such that 
peripheral developmental intermediates at the marrow periphery 
interface are now viewed as a triage point from which newly 
formed cells are either sorted into functional subsets or discarded 
(45-50). Whilst the exact mechanisms remain the focus of 
intense investigation (this volume), this triage process seems 
tightly associated with BCR signaling and specificity. 

Mature B-cell populations rely on BCR expression and 
specificity-dependent events for their survival and 
competitive advantage 

Similar to the competitive processes active during transitional 
differentiation, relative fitness for survival amongst mature 
naive B cells is also dictated by BCR specificity. Indeed, the 
BCR clearly plays a major role in maintaining the viability of 
most mature B cells. For example, conditional ablation of BCR 
expression subsequent to the establishment of steady-state 
B-cell numbers results in rapid death of most peripheral 
B cells, and faulty BCR signaling prevents normal B-cell 
development (51, 52). The exact mechanism through which 
BCR signaling influences B-cell longevity remains to be 
resolved, although it appears that basal signaling via the BCR 
is sufficient to afford some level of survival (53). However, 
analogous to its role in transitional B-cell selection, BCR 

Table 3. B-cell production and turnover in A/J and A/WySnJ mice" 



Total Bcells(xl(T 6 ) 

A/J 32 

A/WySnJ 32 

Production rate (cells/day x I CT ) 

A/J 9.3 

A/WySnJ 9.3 

Turnover rate (%/day) 

A/J 35 

A/WySnJ 35 

Average half-life (days) 

A/J 2.4 

A/WySnJ 2.4 

a Data shown are summarized from Lentz et al. (30, 60, 61). 

b Splenic subsets examined include follicular (FO), transitional (T), and Bl . 



specificity also appears pivotal in establishing the relative fitness 
for survival amongst mature peripheral B cells. This role has been 
amply demonstrated through experiments employing mixed mar- 
row chimeras and parabiotic approaches from the Freitas labora- 
tory (54—5 7 , see also Freitas, this volume) . An important aspect of 
these studies is the idea that mature B cells appear to be competing 
for lifespan promoting factor (s) and that their relative competitive 
advantage is dictated by their BCR specificity. 

The A/WySnJ mutation defines a gene controlling 
peripheral B-cell differentiation and survival 

Animals with genetic defects yield insights into many normal 
processes, and the A/WySnJ mouse has proven to be an 
informative model for peripheral B-cell maturation and homeo- 
stasis. Early studies by Miller et al. (58, 59) showed that 
A/WySnJ mice have one-tenth of the normal number of 
peripheral B cells but normal numbers of T cells. Furthermore, 
A/WySnJ mice make primary humoral responses to both TI 
and TD antigens but poor secondary IgG responses. A single, 
autosomal co-dominant locus termed 'B-cell maturation 
defect' (Bcmd), which was eventually mapped to murine 
chromosome 15, controls this phenotype (30, 59). Two 
findings have proven key to understanding the biological 
nature of this lesion. First, the splenic B-cell pool in A/ 
WySnJ expands normally until approximately 3 weeks of 
age, when it plateaus at an abnormally low level, suggesting 
failed late differentiation and an inordinately high cell-loss 
rate in the periphery. Second, bone marrow B-cell numbers 
and turnover rates are normal in the A/WySnJ, whereas 
amongst all peripheral differentiation subsets except Bl, turn- 
over rates are higher and production rates are lower (30, 60, 
61). Key features of this phenotype are summarized in Table 3. 



5 P lee " b 



I FO BJ 

7.0 48 0.90 

1.5 3.7 0.99 

0.7 0.3 0.04 

0.3 0.05 0.04 

20 0.6 4. 1 

33 2.0 3.6 

7 115 16.7 

5 51 17.6 



Bone marrow (Fr E) 
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Taken together, these findings showed that the mutated locus 
in A/WySnJ controls a B-lineage-specific pathway critical for 
both the recruitment of newly formed B cells into the long- 
lived peripheral pool as well as for nai've B-cell survival per se. 
Furthermore, these findings were consistent with the idea that 
both peripheral maturation and longevity rely on discrete 
ongoing events, rather than simply the avoidance of negative 
selection. Finally, the observation that a single mutation 
influenced both transitional maturation and mature cell 
lifespan suggested that these two parameters might be 
mechanistically related. The gene product of Bcmd has recently 
been revealed to be a critical member of the BLyS receptor 
family (62, 63), identifying BLyS signaling through this 
receptor as a central regulator of peripheral B-cell homeostasis. 

BLyS and its receptors govern peripheral B-cell 
homeostasis 

BLyS, its receptors, and its related cytokine APRIL (a proliferation- 
inducing ligand), are recent additions to the tumor necrosis factor 
(TNF) family (64—69). The discovery of BLyS and the resulting 
spate of activity aimed at determining its activities have proven to 
be a critical breakthrough towards understanding the molecular 
basis for peripheral B-lymphocyte homeostasis, and this work has 
already been the focus of substantial review and commentary 
(70-75). Because of its near-simultaneous discovery by several 
laboratories, BLyS appears in the literature under multiple names: 
B-cell-activating factor belonging to the TNF family (BAFF) (67), 
TNF and ApoL-related leukocyte-expressed ligand- 1 (TALL-1) 
(65), TNF homolog -activating apoptosis nuclear factor-KB c-Jun 
NH2 -terminal kinase (THANK) (76), z-TNF-4, and TNF ligand 
superfamily member 13B (TNFSF13B) (Table 4). Herein, the 
terms BLyS and APRIL are applied for the ligands, and B-cell 
maturation protein (BCMA) (77, 78), transmembrane activator 
and calcium modulator and cyclophilin ligand interactor (TACI) 
(66, 79), and BLyS receptor 3 (BR3) (60, 63), are used for the 



three receptors, although BR3 is also referred to as BAFF receptor 
(BAFF-R) (80). 

APRIL potentiates B-cell proliferation in vitro and B-cell 
numbers in vivo (81). Furthermore, it may play a role in isotype 
switching during T-independent responses (82), and it 
appears to act as a costimulatory factor for some T lymphocytes 
(83). However, because endogenous APRIL fails to rescue B-cell 
defects in either BLyS- or BR3 -deficient mice, a major role in 
B-cell development and homeostasis seems unlikely. In contrast, 
compelling evidence indicates that BLyS plays a dominant, 
lineage-specific role in the selection and homeostatic control 
of the peripheral B-cell pool. BLyS is generated by monocytes, 
macrophages, neutrophils, and dendritic cells; it can be induced 
by a variety of inflammatory cytokines, particularly interferon-y. 
Soluble BLyS, which is presently thought to be its only active 
form, is generated by cleavage and is induced by a growing list 
of inflammatory substances, including bacterial LPS and some 
inflammatory cytokines. 

Three receptors, all of which are either exclusively or 
preferentially expressed by B cells, have been described for 
BLyS and/or APRIL: BCMA (78), TACI (79), and BR3, the 
product of the previously defined Bcmd locus (30, 63). BLyS 
interacts with all three of these receptors, whereas APRIL 
interacts with only TACI and BCMA. The favored interaction 
of BR3 with BLyS, coupled with recent studies in BR3 -signaling 
mutants, indicate that it is the dominant mediator of BLyS action 
in peripheral homeostasis and selection (63, 80, 84). 

BLyS acts on transitional and mature B lymphocytes 

The activities of BLyS and its receptors amongst transitional 
and mature B cells are summarized in Fig. 1. It is unlikely that 
BLyS plays a role in early B-cell genesis, because neither BLyS 
binding nor receptor message is found amongst marrow B-cell 
progenitors prior to the immature B-cell stage (Fr E) (85). 
Furthermore, neither the size nor dynamics of these early 



Table4. BLYS/BLyS receptor family member nomenclature 



Name Alternative na 

APRIL None 
BLyS BLyS 

BAFF 

TALL- 1 

THANK 

z-TNF-4 

TNFSF20 (late 
BCMA None 
TACI None 
BFG Bcmd 

BFG 

BAFF-R 



Acronym 



A proliferation-inducing ligand (69) 

B-lymphocyte stimulator (64) 

B-cell-activating factor of the TNF Family (67) 

TNF- and ApoL-related leukocyte-expressed ligand- 1 (65) 

TNF homolog that activates apoptosis, NF-kB, and JNK (76) 

z-tumor necrosis factor-4 (66) 

-namedTNFSFI3B) TNF super family member 20 (123) 

B-cell maturation antigen (66, 124) 
Transmembrane activator and 'calcium-modulating cyclophilin ligand (CAML)' interactor (66, 1 25, 1 26) 

B-cell maturation defect (30) 

BLyS receptor 3 (63) 

BAFF receptor 80) 
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B-cell numbers but also 
figly implied that BLyS 



Fig. 1 . BLyS responsive stages of B-cell differentiation. Stages of B-cell 
differentiation that bind BLyS and exhibit BLyS dependence are shown in 
the top panel. The horizontal bars in the middle three panels depict 
BlyS-binding capacity, relative expression of each known BLyS receptor, 
and onset of BCR-coupled BR3 expression. The bottom panel indicates 
the biological consequences and currently established downstream 
mediators induced by BLyS. 



differentiative stages are altered in BLyS transgenics, BLyS 
knockouts, BLyS receptor knockouts, or BLyS receptor mutants 
(30, 62, 86, 87). 

In contrast, virtually all B-cell subsets including and subsequent 
to the immature marrow stage bind BLyS and respond either to 
BLyS per se or to signaling via BLyS receptors. Accordingly, both 
forced expression and exogenous administration of BLyS yield 
rapid increases in all but the Bl subset (64). This increase is 
accompanied by anomalous splenic architecture and elevated levels 
of serum IgM and IgA. Congruent with these observations, animals 
treated with the soluble BLyS receptor, TACI-Ig, display a rapid 
reduction of all mature peripheral pools except the B 1 subset (88). 
Similarly, all mature pools except for the Bl subsets are strikingly 
reduced in BLyS knockout mice. Finally, as suggested above, Bcmd 
mutations also yield profound reductions in all peripheral B cells, 
except the early Tl andBl subsets (30, 58, 59, 61). 

In addition to disproportionately high peripheral B-cell num- 
bers, BLyS transgenic mice display humoral autoimmune 
symptoms, including serum rheumatoid factors, kidney Ig 
complex deposition, and a variety of autoantibodies (86, 87). 
These observations in toto suggest that BLyS plays a key role in 
selective events that normally forestall pathogenic autoreactivity. 

BLyS governs successful transitional B-cell differentiation 
by enhancing survival 

The transitional B-cell pools are where specificity-based 
selection can first be imposed (16, 35, 43). Thus, the finding 



that excess BLyS not only i 
fosters autoantibody formatio 
influences transitional B cells. In accord with this idea, 
subsequent findings have clearly established the transitional 
pools as key targets of BLyS-mediated activity (85, 89, 90). 
Several lines of evidence show that the receptor primarily 
responsible for BLyS-mediated effects within transitional cell 
pools is BR3. First, the Bcmd locus, which encodes a mutated 
form of this receptor, was originally discovered in the 
A/WySnJ mouse and was named 'B-cell maturation defect' 
for a phenotype of severely impeded transitional differenti- 
ation and inordinately short mature B-cell lifespan (30,58,59). 
Conversely, neither the TACI nor BCMA knockouts exhibit 
phenotypes with substantially altered transitional B-cell 
differentiation (91, 92). 

Recent studies have probed the effect of BLyS on transitional 
populations both in vitro and in vivo. Rolink et ol. (89) have 
reported that adding BLyS to cultures of transitional B cells 
yields extended survival and enables the appearance of mature 
B cells. These findings led to the suggestion that BLyS provides 
an inductive signal for maturation (89, 93). However, in vivo 
kinetic analyses revealed that transit rates across peri plu ral 
developmental subsets were identical in BLyS-treated and 
control mice (85), suggesting that prolonged survival, rather 
than induction of more rapid differentiation, was responsible 
for enhanced transitional cell differentiation, presumably by 
altering the proportion of transitional cells surviving to 
complete maturation in the periphery. This notion has been 
further explored through analyses of B-cell populations in 
animals where Bcl-xl expression has been enforced through 
either transgenic or retroviral transfer approaches (94). In 
these studies, both the numbers of cells within peripheral 
subsets as well as the rates at which they are generated are 
rescued through the enforced expression of Bcl-xl. These find- 
ings are most consistent with the idea that survival, rather than 
an instructive event that engenders differentiation per se, under- 
lies the effects of BR3 signaling amongst transitional cells. 

The expression of BLyS receptors also differs substantially 
between each of the transitional subsets and mature B-cell 
populations (Fig. 1) (85). Cells within the Tl compartment 
predominantly express BCMA. In marked contrast, the T2, T3, 
and mature follicular populations show the opposite pattern 
of expression, primarily expressing TACI and BR3 with 
essentially undetectable levels of BCMA. The basis and signifi- 
cance of this observation remain unclear, although they are 
consistent with a developmental shift in BLyS responsiveness 
associated with cells undergoing recruitment into the mature 
peripheral pool. 
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Competition for BLyS mediates longevity of mature 
B cells 

The earliest observation suggesting a role for BLyS in 
maintaining viability amongst mature B cells was the finding 
that treatment with soluble BLyS receptors resulted in the rapid 
loss of most mature peripheral B cells (88). Because the 
lifespan of cells in this pool is approximately 80—120 days 
(IS, 95, 96), the two-week time frame of these reductions 
was too short to be explained by senescent attrition of mature 
B cells. Instead, these results were most consistent with the 
idea that BLyS is required for continued mature B-cell survival. 

Studies in the Bcmd-mutant mouse strain, A/WySnJ, 
confirmed and extended this idea in two ways (84). First, in 
vivo BrdU-labeling studies demonstrated that mature B-cell 
lifespan was severely compromised in the absence of BR3 
signaling (30, 61). Second, kinetic studies in (A/WySnJ X 
BALB/c) F] mice showed that B cells heterozygous for the 
Bcmdhave an intermediate but uniform lifespan. These findings 
are most easily explained by positing that follicular B-cell 
viability requires continuous signaling via this pathway. In 
accord with this suggestion, mature A/WySnJ-derived B cells 
failed to compete effectively for survival in mixed marrow 
chimeras, because their proportional representation within the 
mature pool decayed continuously following reconstitution 
(60, 84). Together, these findings not only established BLyS 
signaling via the BR3 pathway as the dominant mediator of 
quiescent peripheral B-cell survival, but also indicated that 
competition for available BLyS dictates the lifespan of resting 
mature B cells, thereby mediating homeostatic control of the 
peripheral B-cell pool. 

BLyS promotes viability through the regulation of Bcl-2 
family members 

In vitro studies from Chen-Kiang and colleagues (97, 98) 
suggested that a primary activity of BLyS is the attenuation of 
apoptosis, because BLyS per se did not engender mitogenesis 
but increased the relative representation of several anti- 
apoptotic Bcl-2 family members (97). The idea that BLyS acts 
primarily to enhance survival amongst primary B cells in vivo 
was definitively approached through simultaneous kinetic and 
cell-cycle analyses (85). These experiments showed that BLyS 
affords increased proportional survival in the late transitional 
developmental subsets, such that the efficiency of transit to 
the mature B-cell compartment is increased. Importantly, 
cell-cycle analyses showed that these effects were engendered 
by BlyS, without inducing proliferation within any of these 
subsets. 



Members of the Bcl-2 family play a central role in determining 
the survival and lifespan of normal and neoplastic lymphocytes 
(reviewed in 99—102). For example, the expression of these 
genes is regulated during lymphocyte development (103-109), 
and alterations in Bcl-2 family gene expression can profoundly 
affect B-lymphocyte survival and differentiation (102, 104, 
110—113). The possibility that BLyS might influence the viability 
and lifespan of B cells through the altered expression of Bcl-2 
family members was initially proposed by Do et al. (97), who 
found that in conjunction with CD 154 (CD40L), BLyS 
upregulated anti-apoptotic members of the Bcl-2 family amongst 
splenic B cells, apparently through a nuclear factor-KB (NF-KB)/ 
relB pathway. Moreover, peripheral blood B cells of BLyS 
transgenic mice have increased expression of anti-apoptotic 
Bcl-2 family members. Conversely, an increase in pro-apoptotic 
Bcl-2 family members has been reported in BLyS receptor 
mutants (114), further suggesting BLyS-mediated survival 
might involve the expression of Bcl-2 family genes. 

More recently, the influence of BLyS on several Bcl-2 family 
members was assessed amongst transitional and mature cells 
following short-term culture with rBLyS (85). These studies 
showed that mature B cells strongly upregulated both Bcl-xl 
and Al in response to BLyS, whereas the upregulation of these 
genes in bulk transitional populations was low (Fig. 1). 

BLyS influences aspects of mature B-cell activation 

A role for BLyS in the ligand-driven activation of mature B cells 
has been posited since early observations that BLyS, in 
conjunction with mitogenic stimuli, yields enhanced thymi- 
dine incorporation. This finding led to an initial interpretation 
that BLyS serves as a costimulatory factor for B cells, perhaps 
acting in a fashion similar to CD 154 (CD40L), and prompted 
the suggestion that BLyS might induce proliferation amongst 
B lymphocytes, leading to the increases in B-cell numbers and 
Ig levels associated with in vivo BLyS treatment. Again, the BR3 
receptor appears to be the dominant receptor for this activity, 
inasmuch as the BR3 -mutant A/WySnJ mice do not exhibit 
enlarged B-cell compartments upon exogenous BLyS administra- 
tion, and B-cell proliferation assays on CD23 B cells from these 
mice fail to display increased thymidine uptake when supplemen- 
ted with recombinant BLyS (84). Nevertheless, subsequent studies 
have favored a dominant role for BLyS in mediating survival, 
rather than any comitogenic activity per se, under such stimulatory 
conditions. Following BCR ligation, there is increased proportional 
survival within initial daughter cohorts of activated mature B cells, 
resulting in increased 3 H-TdR uptake, without altering division 
number on a per cell basis ( 1 1 5) . If a similar activity exists in vivo, it 
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would suggest that BLyS may determine the proliferative burst size 
reached by responding primary B-cell clones, which would likely 
influence the magnitude of primary humoral responses as well as 
the cells available to initiate germinal centers as memory progenit- 
ors. The generally elevated IgM levels in BLyS-treated mice (64) or 
in BLyS transgenics (86, 8 7) as well as impaired memory responses 
in BR3 mutants (59) are consistent with these ideas. 

Other aspects of primary follicular B-cell activation may be 
facilitated or even induced by BLyS signaling as well. In a 
recent study, Litinski et al. (82) demonstrated that dendritic 
cell-derived BLyS or APRIL could facilitate isotype switching in a 
CD40-independent manner, if supplemented with appropriate 
interleukins. 

BLyS may influence the formation or maintenance of 
memory B cells 

Ah hnigh the effects of BLyS on naive B-cell populations are 
well documented and accepted, whether BLyS or its receptors 
play a role in the generation, selection, or maintenance of 
memory B-cell populations has not yet been addressed in 
detail. The nature of the A/WySnJ defect at Bcmd has afforded 
initial interrogation of this possibility, because some mature B 
cells are indeed formed in these mice and, thus, can be 
stimulated to participate in immune responses. Ongoing stud- 
ies in this model indicate that although the BLyS receptor- 
mutant strain can initiate similar numbers of germinal centers, 
the characteristic germinal center (GC) enlargement between 
days 6 and 12 post-immunization fails to occur (60). These 
results, coupled with earlier studies that showed a relatively 
normal primary IgM response but unusually low secondary 
serum responses and diminished IgG titers (59), strongly 
suggest that BLyS signaling via the BR 3 receptor is 
instrumental in establishing or maintaining humoral nu'iiuir). 
Results consistent with the notion that GC initiation is 
independent of BLyS but that GC persistence is BLyS dependent 
have recently been reported from the Kalled laboratory (116), 
in which BlyS-blocking reagents were employed in vivo. Simi- 
larly, suggesting a role for BLyS in B-cell memory formation or 
maintenance are observations that BLyS receptor expression 
shifts amongst different human germinal center subpopul- 
ations(117). 

BCR signals regulate BR.3 expression 

It is clear that BLyS plays a pivotal role in the selection, 
homeostasis, and activation of peripheral B cells. In aggre- 
gate, the evidence to date suggests that BLyS controls 



peripheral B-cell numbers, both by varying the proportion 
of cells that successfully complete late transitional B-cell 
development and by serving as the primary determinant of 
longevity amongst mature follicular B cells. As indicated 
above, the BCR plays a similar role in B-cell differentiation 
and survival: immature B cells are targets of BCR-mediated 
selection, as evidenced by the significant cell losses 
and repertoire shifts associated with late B-cell maturation; 
continued BCR expression is requisite for mature B-cell 
survival; and both BCR specificity as well as altered BCR 
signaling can dictate relative survival advantage in the 
periphery. 

These conspicuous parallels suggested a potential relation- 
ship between BCR signaling and peripheral survival via the 
BlyS— BR3 pathway, and this possibility has been probed. 
Recent studies have revealed that BCR ligation upregulates 
expression of the BLyS receptor BR3 but not other known 
BLyS receptors. Furthermore, this coupling of BCR signaling 
with BR3 expression is limited to late transitional and mature 
B cells. 

Are transitional selection and mature B-cell survival 
reflections of the same process? 

It is not yet clear whether the expression of BR3 has an 
obligate dependence on BCR signaling for expression, or 
whether a basal level of BR3 signaling is 'switched on' during 
maturation and subsequently modulated by BCR signaling. 
Nonetheless, the coupling of BCR signaling with BR3 expres- 
sion amongst transitional and mature follicular B cells leads to 
a general hypothesis, whereby specificity-based selection 
reflects the use of BCR-driven BR3 expression as a determinant 
of clonal fitness. This model proposes a mechanism, outlined 
in Fig. 2, whereby the basal BCR-signaling requisite amongst 
mature B cells affords a necessary minimum level of BR3 
expression and that a further survival advantage is afforded 
clones whose BCRs yield the highest relative levels of BR3. 
Accordingly, the relative success of transitional differentiation 
and the lifespan of mature B cells will be dictated by two 
parameters: available BLyS and relative competitive advantage 
afforded by BCR-driven BR3 levels. Thus, perturbations that 
modify either available BLyS levels or the spectrum of 
competing clonotypes will influence peripheral pool size and 
composition. It remains possible that both BCR and BR3 
signals are simultaneously required for survival, and that BCR 
driven BR3 levels modulate longevity of clones that minimally 
meet this dual criterion. This possibility might be tested 
through enforced BR3 expression in models where BCR 
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Fig. 2. A unifying model for transitional selection and homeostatic 
survival. A model whereby transitional selection and homeostatic survival are 
unified under a single mechanism is depicted, whereby two parameters, 
available BLyS and BCR-driven BR3 levels, are the primary determinants of 
transitional success and mature B-cell lifespan. Panel A: Transitional selection 
and mature lifespan under normal BLyS levels and BCR diversit) ;, ield losses oi 
poorly fit clonotypes during transitional differentiation, followed by the 
protracted competition amongst similarly fit surviving clonotypes. Panel B: 
Increased BLyS levels afford enhanced transitional differentiation and mature 
R-tell lifespan, enlarging peripheral pool si/e. Panel C: Reduced or negligible 
BLyS levels curtail transitional differentiation and peripheral lifespan, reducing 
or eliminating peripheral B cells. Panel D: Lack of stringent competition affords 
maturation and longevity of clonotypes that would otherwise fail or have a 
short lifespan. 



signaling is required for maturation or where the BCR is 
conditionally ablated after maturation. 

This model can be extended to merge specificity-based 
transitional selection with continuous, specificity-based inter - 
clonal competition in the mature repertoire (52, 1 18). In this 
scenario, the loss of transitional cells during maturation is 
mechanistically identical to that underlying interclonal comp- 
etition amongst mature naive cells, with the seemingly precipi- 
tous losses of transitional cells simply reflecting initial imposition 
of competitive survival requisites on a previously untested popu- 
lation. Furthermore, it predicts a gradually evolving landscape of 
specificities, whose intrinsic survival advantage is continuously 
scrutinized and re-evaluated relative to extant competitor clones. 
According to this model, continuous selection for clonotypes 
most fit to capture these signals should lead to a mature primary 
pool that is less diverse and longer lived, both of which have been 
reported in aged mice (119-121). 



Antigen receptor-coupled lineage-specific cytokine 
receptors: a paradigm for integrating selection and 
homeostasis? 

A remaining question is whether coupling the expression of 
lineage-specific cytokine receptors to the antigen and/or 
pattern recognition receptors characteristic of a functional 
subset is a general feature of lymphocyte homeostasis. Such a 
system would afford the homeostatic integration of multiple 
antigen or pattern recognition receptor signals under the 
umbrella of a single cytokine, through complimentary or 
interdigitating cytokine/cytokine receptors sets. Further ana- 
lyses of differential BLyS receptor expression amongst mar- 
ginal zone, Bl, and memory subsets may yield evidence for 
such a network. 
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